Introduction
============

As a potential panacea in treating various disorders such as cancer and chronic and genetic disorders, gene therapy has roused extensive attention and thus produced an explosion of related papers during past decades. So far, great progress has been made in this field, but the expected clinical success has not come about.[@b1-ijn-10-597]--[@b5-ijn-10-597] One of the reasons is that most of the research has focused on in vitro gene delivery in cells, and numerous novel cationic polymer gene vectors have been designed to overcome intracellular barriers such as gene encapsulation, internalization, endo-/lysosome escape, gene dissociation, and nucleus entry, but the in vivo extracellular delivery barriers have often been neglected.[@b4-ijn-10-597]--[@b6-ijn-10-597] In fact, it is a long, difficult journey for gene delivery systems before they reach target cells in vivo, where they often undergo danger of disassembly or aggregation, gene unloading, and degradation induced by dilution, enzymes, anions, and salts in body fluids, and only when they survive from this journey might a good efficacy be expected.[@b2-ijn-10-597]--[@b6-ijn-10-597]

To survive from this journey, the acceptable stability of gene vectors/polyplexes (complexes of cationic polymer and plasmid deoxyribonucleic acid \[pDNA\]) against the aforementioned inducing factors is first required. It is demonstrated that the stability of polyplexes could be improved by the functionality of cationic polymer vectors/polyplexes including PEGylation, alkylation, cholesterol (Cho) modification, and anionic polymer grafting.[@b5-ijn-10-597],[@b7-ijn-10-597] Among them, PEGylation is one of the most extensively used means that can offer shielding effects to minimize the undesired interactions with body fluids.[@b4-ijn-10-597],[@b5-ijn-10-597],[@b8-ijn-10-597] However, it was reported that PEGylation caused a reduction in transfection efficiency, presumably because it decreased the surface charge, the cellular uptake, and subsequent endo-/lysosome escape of polyplexes, and notably the high stability of PEGylated polyplexes might compromise the release of loaded pDNA.[@b5-ijn-10-597],[@b9-ijn-10-597],[@b10-ijn-10-597] Alternatively, cholesterol modification has been proved to be an effective strategy to increase both the stability and the gene transfection efficacy of polyplexes, which may be realized by alleviating serum inhibition, enhancing the cellular/nuclear uptake, and decreasing cytotoxicity.[@b4-ijn-10-597],[@b5-ijn-10-597],[@b7-ijn-10-597],[@b11-ijn-10-597]--[@b17-ijn-10-597] Additionally, introducing anionic polymer such as anionic polysaccharide is able to improve the polyplex stability and the transfection efficiency by conferring the charge shielding and biodegradability, aiding the rupture of endo-/lysosome and gene release and decreasing cytotoxicity.[@b5-ijn-10-597],[@b18-ijn-10-597]--[@b22-ijn-10-597]

Based on these studies, we engineered a novel brush copolymer of lipopolysaccharide-amine (LPSA) as a cytosolic delivery vector by introducing anionic polysaccharide of oxidized alginate (OA) and Cho to polyethyleneimine (PEI) with molecular weight of 1.8k dalton (PEI 1.8k), where OA and Cho-graft-PEI act as the backbone and side chains, respectively. Encouragingly, LPSA can spontaneously and quickly self-assemble into nanopolymersomes (NPs) in water at a concentration higher than 1.38×10^−3^ mg/mL.[@b23-ijn-10-597] Therefore, LPSA normally exists in an aggregate form, namely NPs. LPSA--NP vectors are expected to achieve acceptable colloid stability and gene transfection efficacy by the synergistic effects of PEI 1.8k, Cho, and anionic polysaccharide. We have demonstrated that, as a gene vector, NPs obtain higher than 95% transfection efficiency in mesenchymal stem cells (MSCs) in vitro[@b23-ijn-10-597] and induce significant angiogenesis in zebrafish when delivering plasmid encoding vascular endothelial growth factor deoxyribonucleic acid (*pVEGF*).[@b24-ijn-10-597] To the best of our knowledge, such transfection efficacy is outstanding among nonviral gene vectors,[@b4-ijn-10-597],[@b5-ijn-10-597],[@b25-ijn-10-597] suggesting the huge potential of NPs in gene therapy. To explore whether their extracellular delivery stability and storage stability satisfy demands of future clinical applications, in this study we investigated the stability of empty or pDNA-loaded LPSA NPs (pNPs) under analogous physiological environments and different storage conditions by monitoring the changes in size, zeta potential, disassembly, and transfection efficiency. Additionally, considering that polycations can induce mitochondrially mediated apoptosis, the damage of pNPs to mitochondria was also evaluated.

Materials and methods
=====================

Materials
---------

LPSA was prepared following our established method.[@b23-ijn-10-597] Briefly, PEI-graft-Cho was first synthesized by the amidation reaction between chloroformates in cholesteryl chloroformate and primary amines in PEI 1.8k, and then PEI-Cho was grafted onto oxidized sodium alginate through the condensation of primary amine groups in PEI-Cho and aldehyde groups in OA. Thereafter, the formed graft copolymer was reduced by sodium borohydride to obtain the brush copolymer of LPSA. In LPSA, OA and PEI-Cho serve as backbone and side chains, respectively, and the nitrogen content and mass ratios of OA:PEI:Cho were controlled to be 11.29 mmol/g and 48.5:11.2:40.3, which were determined by elemental analysis and proton magnetic resonance.[@b23-ijn-10-597] The plasmids expressing enhanced green fluorescence protein (EGFP) were purchased from FulenGene (Guangzhou, People's Republic of China), and their amplification and purification followed our established method.[@b23-ijn-10-597] Neonatal Sprague Dawley rats at the age of 1--3 days were obtained from the Laboratory Animal Center of Sun Yat-sen University (Guangzhou, People's Republic of China). MSCs were obtained from these rats, and their isolation, purification, culture, and passage were performed according to our established method.[@b23-ijn-10-597] All animal experiments were approved by the Animal Ethics Committee of Sun Yat-sen University and conducted according to Institutional Animal Care and Use Committee guidelines. The other reagents were purchased from local suppliers. All reagents were used as received without further purification.

Preparation of NPs and pNPs
---------------------------

NPs were prepared by directly dissolving LPSA in distilled water via mild mechanical stirring, and they were kept at 4°C as stock solutions for subsequent experiments. According to different N/P ratios (the molar ratio of nitrogen in LPSA to the phosphate in pEGFP), pEGFP solution (40 μg/mL) and an equal volume of NP stock solution with different concentrations were mixed and vortexed for 4 seconds, followed by standing at room temperature for 30 minutes. In this paper, all pNP solutions were freshly prepared in ultrapure water before use, and their N/P ratio was set at 60 unless otherwise noted. We chose this N/P ratio because it is optimal for serum-free gene transfection in MSCs.[@b23-ijn-10-597],[@b24-ijn-10-597]

In vitro cell culture and transfection
--------------------------------------

In vitro cell culture and serum-free transfection were performed following our published method.[@b23-ijn-10-597] Briefly, MSCs (passage 3--7) were seeded in 24-well plates at a density of 1×10^5^ cells/well and cultured in 1 mL complete medium (HyClone Dulbecco's Modified Eagle's Medium/F12 1:1 supplemented with 10% fetal bovine serum \[FBS\], 100 μg/mL streptomycin, and 100 U/mL penicillin). When cell confluence reached \~70%, the medium was replaced with transfection medium that contained pNPs with predetermined N/P ratios and FBS with predetermined concentration. Then, cells were routinely cultured for 4 hours for serum-free transfection or for 24 hours for serum transfection, respectively. After that, cells were further incubated in normal fresh complete medium. At 48 hours posttransfection, all cells were washed thrice with PBS. Then, some cells were observed under a fluorescent microscope, and others were routinely treated for determination of transfection efficiency (percentage of GFP-positive cells) and the average fluorescence intensity per cell with a flow cytometer (BD Influx, Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

Stability to dilution
---------------------

Generally, for gene delivery systems, the first barrier of in vivo applications is dilution. Their stability to dilution is the prerequisite for gene protection and target delivery. The stability of pNP solutions to dilution was evaluated by critical micelle concentration (CMC) and their changes in size, size distribution, and structure integrity (the dissociation of pDNA from pNPs). CMC was measured via surface tension method.[@b26-ijn-10-597],[@b27-ijn-10-597] Briefly, aqueous pNP solutions with known LPSA concentrations ranging from 1×10^−8^ to 1 mg/mL in PBS (pH 7.4) were freshly prepared as mentioned previously, then placed in a thermostatic beaker at 25°C for 30 minutes to equilibrate the system, and their surface tension was determined using a platinum plate method on a surface tensiometer (K12, Krüss, Hamburg, Germany). The CMC was estimated by plotting the surface tension to the logarithm of LPSA concentration.

The size of diluted pNP solutions whose concentration ranged from 2 to 2000 μg/mL was measured by dynamic light scattering (DLS) technique on a Malvern Zetasizer Nano ZS90 at room temperature. PEI 25k/pDNA complex was used as a control. Furthermore, the possibility of dissociation of pNPs induced by dilution was estimated by agarose gel electrophoresis following our published method.[@b22-ijn-10-597],[@b23-ijn-10-597] The aliquots of diluted pNP solution were incubated with 20 mg/mL heparin solution at room temperature for 2 hours to completely dissociate pDNA from pNPs. Then, the diluted solution with or without heparin treatment was analyzed on gel electrophoresis.

Stability to pH
---------------

Since pH is different in different body fluids and different organelles, we evaluated the short-/long-term pH stability of pNPs. For the short-term case, pNP solutions containing 0.035 mg/mL LPSA and 2 μg/mL pDNA were prepared, and their pH levels were adjusted to the range of 1.75--12.0 by using 3 mol/L NaOH and 12 mol/L HCl. The application of concentrated acid/base was expected to minimize the change in solution concentration. After overnight equilibrium at 4°C, the solutions were taken for size and zeta potential determination by DLS and morphology observation on a transmission electron microscope (TEM) (JEM-1400, JEOL Ltd, Tokyo, Japan) using a phosphotungstic acid negative staining technique at room temperature. For the long-term pH stability, freshly prepared NP solutions with a concentration of 20 mg/mL at pH 4.5 and 7.4 were incubated in a water bath at 37°C. At 1 month postincubation, the solution was lyophilized and used for size measurement, pDNA-retarding capacity analysis by gel electrophoresis, and serum-free transfection.

Stability of pNPs to anionic heparin
------------------------------------

The stability of pNPs to anionic macromolecules in body fluids was evaluated using a heparin competitive replacement assay. Briefly, pNP solution containing 2 μg/mL pDNA at N/P=60 was prepared as mentioned previously. Ten microliter aliquots of pNP solution were placed into Eppendorf tubes. Then, 10 μL of heparin solution of different concentrations was added into tubes, and the tubes were incubated at room temperature for a predetermined time. Thereafter, the samples were immediately analyzed by gel electrophoresis according to our previously reported method.[@b22-ijn-10-597]

Stability of pNPs to saline
---------------------------

Similar to the preparation of transfection solution, LPSA was first dissolved in water and then mixed with an equal volume of pDNA.[@b23-ijn-10-597] Thirty minutes later, the complexes were diluted by 20-fold with 0.9% saline and then stored at room temperature. At determined time points, sample solutions were visually observed, and their size and zeta potential were analyzed by DLS. PEI 25k/pNDA (N/P=10) was used as a control.

Stability of pNPs to serum
--------------------------

In systemic delivery in vivo, pNPs were first exposed to a serum environment containing various anions and enzymes, where anions may dissociate pDNA from pNPs, and subsequently enzymes may degrade free pDNA. We performed two experiments to evaluate the stability of pNPs against serum. The first one was to analyze the stability of pNPs in 50% (v/v) serum using agarose gel electrophoresis. Briefly, a series of pNP solutions containing 50% serum with different N/P ratios were incubated at 37°C for different times, and then samples were incubated with heparin solutions to fully dissociate pDNA from pNPs. After that, samples were analyzed by gel electrophoresis. Naked pDNA treated by 50% serum was used as a control. The second experiment was to evaluate the in vitro transfection of pNPs in MSCs, which was performed according to the aforementioned method, where the transfection medium contained pNPs whose N/P ratios ranged from 60 to 130 and FBS with concentration ranging from 0% to 50%.

Storage stability
-----------------

A successful gene vector needs not only transfection efficiency but also storage stability for at least 1--3 years. We evaluated the storage stability of NPs and pNPs (N/P=60) at −20°C, 5°C, and 25°C by monitoring their changes in size, zeta potential, and transfection efficiency with time. Briefly, freshly prepared NP or pNP solution containing 0.035 mg/mL LPSA or plus 2 μg/mL pDNA (N/P=60) was incubated at different temperatures for a predetermined time, and then samples were taken for determination of size, zeta potential, and transfection efficiency as mentioned previously. Specifically, samples stored at −20°C were ultrasonically treated for 10 minutes before assays.

Toxicity to MSCs
----------------

In our previous publications, the toxicity to MSCs and zebrafish was evaluated by cell viability via AlamarBlue method and zebrafish survival, and the results have shown that NPs and pNPs have low toxicity.[@b23-ijn-10-597],[@b24-ijn-10-597] Herein, we further studied the effects of pNP transfection on mitochondria according to the reported methods.[@b28-ijn-10-597],[@b29-ijn-10-597] Briefly, serum-free transfection was performed in MSCs as mentioned previously, then, at 48 hours posttransfection, rhodamine 123 solution was added to each well at a final concentration of 5 μg/mL, and cells were cultured for additional 0.5 hours. Subsequently, cells were washed thrice with PBS, then trypsinized and resuspended in PBS, and their average fluorescence intensity was determined by a flow cytometer.

Statistical analysis
--------------------

Each experiment was performed at least three times. Data were expressed as mean ± standard deviation. A two-tailed Student's *t*-test was used for statistical analysis. *P*\<0.05 is considered statistically significant.

Results and discussion
======================

To develop a gene delivery system with high efficiency and safety, we have constructed a brush graft copolymer of LPSA, which combines three functional blocks of OA (a hydrophilic degradable natural polyanion), PEI with molecular weight of 1.8k dalton (PEI 1.8k, a hydrophilic polycation), and Cho (a hydrophobic natural membrane lipid), and thus possesses amphiphilicity and amphotericity.[@b23-ijn-10-597],[@b24-ijn-10-597] Due to the distinguished properties of three blocks, we have demonstrated that 1) through electrostatic, hydrophobic, and hydrogen bonding interactions, LPSA itself or with gene can spontaneously self-assemble into empty or gene-loaded NPs with hydrophobic Cho and neutralized PEI/OA or pDNA/PEI/OA interpolyelectrolyte complexes as the membrane layers, and with unneutralized PEI and/or OA as the inner and outer coronas; 2) NPs are degradable and have low toxicity to MSCs and zebrafish; and 3) NPs can overcome intracellular barriers such as endocytosis and endosome escape, and thus obtain high in vitro transfection efficiency in MSCs and trigger significant angiogenesis in zebrafish in vivo when delivering gene. All of these results suggest that NPs may have huge potential in gene therapy as a vector. But besides these, for successful gene delivery systems, their stability in extracellular delivery in body fluids is required, which prevents loaded gene from unloading and deactivation before they reach the expected sites. Additionally, long-term storage stability is critical for a successful gene vector. Therefore, in this study, the stability of NPs/pNPs to various analogous physiological environments such as dilution, polyanions, salts, enzyme, and serum and various storage conditions was investigated.

Stability to dilution
---------------------

The key function of gene delivery systems is to deliver gene without losing bioactivity to the expected sites. When gene-loaded nanoparticles are used in vivo, they will be largely diluted by serum or other body fluids. Dilution often causes the disassembly or aggregation of gene-loaded nanoparticles, where the former results in the unloading of genes, and the latter leads to the precipitation of particles. Both hinder gene delivery to expected sites. Thus, a successful gene delivery system should at first overcome the barrier from dilution. That is, they should keep stable in size and structure integrity during in vivo delivery.

CMC was first determined because it is an index of thermostability of self-assembled nanoparticles against dilution. The plot of surface tension versus log of LPSA concentration shows three regions ([Figure 1A](#f1-ijn-10-597){ref-type="fig"}): region A and region C, where the surface tension changes little with concentration, and region B, where the surface tension declines sharply with concentration. Normally, the turning point between region B and region C is taken as the CMC. After CMC, all added LPSA was removed from the solution to form NPs rather than to further lower the surface tension, and thus the plot keeps flat. In our case, the CMC of pNPs was estimated as 1.95×10^−3^ mg/mL, which is close to that of NP solution (CMC: 1.38×10^−3^ mg/mL) determined by pyrene probe method,[@b23-ijn-10-597] suggesting that the two systems have similar aggregation behavior. It should be noted that pNPs have lower CMC than most reported vectors, such as PEGylated vectors, whose magnitude of CMC \~10^−2^ mg/mL,[@b8-ijn-10-597],[@b30-ijn-10-597],[@b31-ijn-10-597] suggesting that pNPs are less susceptible to disassembly upon dilution. Thus, during in vivo applications, when subject to large dilution, pNPs can provide continuous protection to loaded genes, which ensures that genes can survive from enzyme digestion and successfully reach the expected sites with bioactivity.

Although CMC can give information on the critical concentration of disassembly of pNPs, it cannot reveal whether or not their size is changed, which is very important for circulation and cell uptake.[@b6-ijn-10-597] [Figure 1B](#f1-ijn-10-597){ref-type="fig"} shows that when pNP solution is diluted from 2,000 to 10 μg/mL, its size keeps constant at about 124 nm with a polydispersity index \<0.5, whereas the size of pDNA/PEI 25k complexes diluted by 20-fold is about four-fold bigger than their initial size (data not shown), suggesting that dilution causes their aggregation. It should be noted that the size of pNPs at 2 μg/mL (close to CMC) is larger than that at 2,000 μg/mL with a polydispersity index of \~0.7, suggesting that data are not reliable, which may be caused by a too low concentration and limited particles in the solution.

In addition, since LPSA itself can self-assemble into NPs with similar size and CMC to pNPs, it is possible that, at a low concentration, pDNA may be dissociated from pNPs but cannot be detected using the aforementioned two methods. To clarify this, diluted solutions were analyzed on agarose gel electrophoresis. [Figure 1C](#f1-ijn-10-597){ref-type="fig"} shows that no band of pDNA in diluted pNP solution containing 15.00 μg/mL of LPSA can be observed, but after dissociation by heparin, a pDNA band appears, suggesting that dilution does not dissociate pDNA from pNPs. We did not choose a lower pNP concentration close to its CMC, such as 2--3 μg/mL of LPSA, in this experiment. This is because the detection limit of agarose gel electrophoresis to pDNA is 8.75 ng according to our experiments (data not shown), whose corresponding concentration for pDNA and LPSA in pNP solution (N/P=60) is 0.875 and 15.00 μg/mL, respectively. All of these results indicate that pNPs have good stability in structure integrity and size against dilution, possibly meaning that pNPs can protect pDNA and transfect cells successfully even in large dilution in vivo.

Stability against pH
--------------------

Since pH is different in different physiological environments (eg, it is \~pH 2 in the stomach, \~pH 4.5--5.0 in lysosome, \~pH 7.4 in blood and cytosol, \~pH 5.0--6.5 in endosome, and \~pH 8 in intestine), nanoparticles may be exposed to various pH conditions in biomedical applications, and their pH stability is certainly important for therapeutic efficacy. We first studied the short-term pH stability of LPSA NPs by monitoring their diameter, zeta potential, and morphology at different pH via DLS and TEM. The pH of NP solution was adjusted to 10.4--3.4 by adding NaOH or HCl, and the solutions were incubated overnight to equilibrate the system. The changes of NPs in size, zeta potential, and morphology with pH are presented in [Figure 2A and B](#f2-ijn-10-597){ref-type="fig"}. [Figure 2A](#f2-ijn-10-597){ref-type="fig"} shows that in the studied range, the change of size over pH can be divided into four phases: first at a plateau of \~55 nm at pH ≤7.45, then with a sudden drop to the minimum (123 nm) at pH 8.49 (this pH was obtained by directly dissolving LPSA in ultrapure water without any pH adjustment), after that with a sharp rise to the maximum (212 nm) at pH 10.01, and finally at a plateau again. Unlike the size, the zeta potential of NPs decreases with pH: at pH ≤9.01, the zeta potential drops off slowly from 38.3 mV to 26.3 mV, but at pH \>9.01, the zeta potential decreases quickly from 26.3 mV to −17.1 mV. Noticeably, the zeta potential of zero is achieved at about pH 10.1, suggesting the isoelectric point of polyampholyte of LPSA. That is, at \~pH 10.1, in LPSA, all carboxyls from the OA block are deprotonated and possess negative charges, and some amine groups from the PEI block are protonated and possess positive charges, and the net charges are zero in the solution. [Figure 2B](#f2-ijn-10-597){ref-type="fig"} visually displays that NPs exist in the form of vesicle in our studied pH range, proving that pH cannot disassemble them and they have pH stability in structure. Such stability ensures that loaded genes are protected by NPs no matter at which pH, which is very important for efficient gene transfection because the variation in particle structure, such as from NPs to micelles, or disassembly may lead to unexpected gene release and succedent enzyme digestion to genes.

We believe that all of these changes arise from the variation in charges of LPSA, including cations from protonated amines in PEI and anions from deprotonated carboxyls in OA under different pH, which leads to the alteration in electrostatic interactions and hydrogen bonding, and these complicated interactions maintain their vesicle structure and make contrary contributions to the size. Theoretically, the electrostatic attractions from opposite charges may determine the compact degree of vesicle membrane and contribute to the size decrease, electrostatic repulsions from like charges may determine the stretched degree of the corona and contribute to the size increase, and hydrogen bonding from carboxyls and amines with themselves may contribute to the formation of vesicle membrane and thus decrease size, while hydrogen bonding of PEI and OA with solvent of water may increase the hydration of corona and thus make the size increase. Furthermore, it should be kept in mind that electrostatic interactions are normally stronger than hydrogen bonding, and no matter at which pH, all of these interactions coexist and accordingly cause the aforementioned variations in size and zeta potential. For example, at \~pH 8.49, according to their *pK*a (≤4.0 for carboxyl groups in OA, and \~9 for primary amines, \~8 for secondary amines, and \~6--7 for tertiary amines in PEI), and the mole ratio of carboxyl groups to primary amines, secondary amines, and tertiary amines in LPSA (about 7.55:10.5:21:10.5),[@b23-ijn-10-597] almost all carboxyls are deprotonated and about 30% of amines are protonated; therefore 1) nearly all carboxyls are neutralized, generating the maximum electrostatic attractions and thus forming the most compact vesicle membrane combined with hydrophobic Cho and 2) the electrostatic repulsions from unneutralized amine cations and the hydrogen bonding from unprotonated amines oppositely contribute to the size, presumably forming a dense corona of vesicle, and the most compact membrane and corona bring about NPs with the minimum size. From this point of pH 8.49, no matter decreasing or increasing pH causes larger NPs because the aforementioned interactions increasing particle size play a leading role.

Based on this analysis, NPs should be more stable at pH 8.49 than at other pH because the compact structure slows the entrance of water and subsequent degradation. Our experiment substantiated this. At 4°C, 1 month's storage at pH 8.49 slightly affects the size, zeta potential, and transfection efficiency of NPs, while 1 month's storage at pH 4.5 makes the size of NPs decrease by 35.8% and the zeta potential unchangeable (data not shown), which is beneficial for circulation and transfection.

For gene vectors, their long-term stability in vivo is not expected. After they finish their task, they should be degraded and metabolized to avoid accumulation in the body, which often results in long-term toxicity. We previously demonstrated that for NPs in water (pH 8.49) degraded at 37°C, the degradation was realized by the hydrolysis of glucosidic bonds and ester bonds in LPSA, and their final products can be metabolized.[@b23-ijn-10-597] Here, by simulating physiological environments in endo-/lysosome, cytosol, and blood, respectively, the stability of NPs at pH 4.5 and 7.4 was evaluated by determining the changes in size. The diameter for NPs incubated at pH 4.5 or 7.4 for 1 month is about 42.7 nm, which is about 55% of the initial (\~120 nm), suggesting their degradation in all pH environments and that the degradation is pH dependent.

Besides pH-dependent degradation, for in vivo application, it is ideal for gene vectors to keep the capacity in retarding pDNA and delivering them to transfect cells even during degradation. In view of this, we performed pDNA-retarding and transfection experiments using fresh NPs and degraded NPs, which were prepared under pH 7.4 and 4.5. Excitingly, degradation does not affect NPs to retard and deliver pDNA to transfect cells. The retarding capacity to pDNA of degraded NPs is the same as fresh NPs, and they both completely retard pDNA at N/P of 2.1 ([Figure 2C](#f2-ijn-10-597){ref-type="fig"}); the transfection efficiency (percentage of GFP-positive cells) is about 95% no matter whether degraded NPs or fresh NPs are used as a vector, and their fluorescence images further prove the successful transfection in MSCs ([Figure 2D](#f2-ijn-10-597){ref-type="fig"}). It should be pointed out that only those data from NPs degraded under pH 7.4 were presented in [Figure 2C and D](#f2-ijn-10-597){ref-type="fig"}, because results under pH 7.4 and 4.5 are almost the same. Additionally, we performed in vitro transfection by using the mixture of reduced OA and Cho-graft-PEI 2k (the raw materials for LPSA preparation) as a vector, and similar transfection efficiency was obtained. These data will be reported after a further investigation. Based on these results, we conclude that the stability of NPs is pH dependent, their in vivo delivery is accompanied by degradation, and the degradation causes the decrease in size of NPs but does not disassemble them and impair their retarding and delivery capacity to pDNA. We believe that this is especially helpful in decreasing the long toxicity of gene vectors and simultaneously preserving the good therapeutic effects.

Stability of pNPs to anionic heparin
------------------------------------

For vector/pDNA complexes, because they will be exposed to a polyanionic environment during in vivo application, their relative stability to polyanions is very important. That is, in view of pDNA protection, it should not be displaced from pNPs by polyanions before reaching cytosols or cell nucleus, which requires relative stability, but, after that, it should be released completely to exert its biofunctions, which requires instability (reversibility). We used heparin as a polyanion model to evaluate the stability of pNPs to polyanions. [Figure 3A](#f3-ijn-10-597){ref-type="fig"} shows that when the incubation time is 15 minutes, with increasing heparin concentration, the amount of displaced pDNA increases (the brightness and longitudinal width of pDNA bands increase gradually), and the complete displacement occurs at heparin concentration ≥20 mg/mL, equivalently the complete displacement concentration of \~10 mg heparin/μg pDNA (\~1,000 IU heparin/μg pDNA), which is much higher than the value of PEGylated PEI derivatives (0.4 IU heparin/μg pDNA).[@b32-ijn-10-597] At the same time, we explored the effect of incubation time on displacement of pDNA at a heparin concentration of 10 mg/mL, and [Figure 3B](#f3-ijn-10-597){ref-type="fig"} shows that complete displacement occurs at 120 minutes in our studied range. These results indicate that resistance of pNPs to competitive displacement of polyanions is concentration and time dependent, which may exactly meet transfection demands for stability to polyanions because pNPs obtain successful transfection in MSCs and zebrafish.[@b23-ijn-10-597]

Stability of pNPs to saline
---------------------------

After 1 hour's incubation at room temperature, for PEI/pDNA in saline, floc appeared in the solution, suggesting that saline causes their aggregation. Correspondingly, their diameter reached 2,678±969 nm, which is much bigger than the size of PEI/pDNA in water (160.2±10.7 nm), and their zeta potential was 8.08±2.06 mV, which is much lower than the value of PEI/pDNA in water (31.67±2.89 mV), indicating that PEI/pDNA complexes are unstable to saline, which is one of the barriers for its clinical application. But for pNPs in saline, after 1 hour, the solution was clear and transparent, their diameter was 121.3±2.15, which is the same as their initial value and the size of pNPs in water, and their zeta potential was 28.33±0.76 mV. After 1 week, pNP solution was still clear, its diameter slightly decreased to 110.23±8.58 nm, and its zeta potential slightly decreased to 25.64±4.29 mV, suggesting its degradation and stability to saline.

Stability of pNPs against serum
-------------------------------

Although we evaluated the stability of pNPs against dilution, polyanions, DNase (published data: NPs can provide complete protection to pDNA for at least 6 hours when incubated with DNase I[@b24-ijn-10-597]), and saline, respectively, conditions in serum may be totally different because of the combined effects of all these factors. In view of the enzyme digestion and polyanion replacement in blood during in vivo application, we first studied the protection of NPs to pDNA from serum by incubating pNPs with 50% serum for different times. [Figure 4A--D](#f4-ijn-10-597){ref-type="fig"} shows that naked pDNA is degraded into fragments with low molecular weight in 3 hours, and its band completely disappears in 12 hours. For pNPs, they can resist serum enzyme digestion in at least 48 hours. Such results suggest that pNPs have stability to serum and can provide protection to pDNA in vivo, and that the protection span may meet the needs of extracellular delivery, which will ensure efficient transfection in vivo.

Although pDNA can be protected by NPs in serum, pNPs in serum may have poor transfection ability. To explore this, we further performed in vitro serum transfection experiments. [Figure 4E](#f4-ijn-10-597){ref-type="fig"} shows that, in our studied range, the transfection efficiency increases with the increase of N/P ratio and, at the same N/P ratio, the transfection efficiency generally decreases with the increase of serum concentration, but the maximum transfection efficiency for each serum concentration is higher than 80%. The changes of fluorescence intensity with serum concentration further confirmed data of transfection efficiency ([Figure 4F](#f4-ijn-10-597){ref-type="fig"}). These results suggest that serum concentration doses affect the transfection, but a similar transfection may still be achieved by using a higher N/P ratio. Our previous transfection experiments have demonstrated this. In vitro, optimal transfection has been achieved in MSCs at N/P of 60,[@b23-ijn-10-597] while, in vivo, maximum angiogenesis has been induced in zebrafish at N/P ratio of 90.[@b24-ijn-10-597]

Storage stability
-----------------

Storage stability under common conditions means a relative low cost, long shelf life, and wide application. Physicochemical properties of lyophilized NPs will not be impaired for at least 3 years if they are stored away from moisture at room temperature. The NP solution at 4°C is also stable for at least 2 years (a test for longer times has not been tried), which means their particle size, zeta potential, and gene delivery ability remain unchanged or slightly changed during storage (data not shown). Although lyophilized NPs are easily homogeneously resuspended in water through stirring and complexed with pDNA through simple mixing, it is more convenient to directly use prepared gene-loaded NPs (pNPs) in the clinic. Therefore, storage stability of pNPs at −20°C, 4°C, and 25°C was investigated according to International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use guidelines.[@b33-ijn-10-597],[@b34-ijn-10-597] [Figure 5A](#f5-ijn-10-597){ref-type="fig"} shows that, at 4°C and −20°C, the changes of pNPs in size and zeta potential are very slight, suggesting their storage stability at these temperatures. But, at 25°C, they decrease significantly, which may be caused by the gradual degradation of NPs and pDNA. To verify this, we used agarose gel electrophoresis to detect the pDNA in pNPs with or without heparin treatment. The gel electrophoresis images ([Figure 5B](#f5-ijn-10-597){ref-type="fig"}) show that, at 12 months poststorage, no bands are observed for all pNP solutions, but, after heparin treatment, pDNA bands similar to those of naked pDNA appear in agarose gel for solutions stored at 4°C and −20°C, while nothing emerges for solution stored at 25°C, suggesting the existence of intact pDNA compacted by NPs for the former but completely degraded pDNA for the latter. We further used transfection experiments to confirm these results. Consistently, the transfection efficiency for pNPs stored at 4°C and −20°C is slightly affected during 12 months' storage, but it gradually decreases to zero for pNPs stored at 25°C. Based on these results, considering energy consumption and convenience, we believe that all are good choices: pNP solution stored at 4°C for 1 year's use, NP solution stored at 4°C for 2 years' use, and lyophilized NPs stored away from moisture at room temperature for long-term use.

Taken together, all of these results show that NPs and pNPs have excellent stability against varied conditions, including physiological and storage environments. Furthermore, to the best of our knowledge, the stability of pNPs may be superior to that of other gene delivery vectors like PEGylated vectors,[@b8-ijn-10-597],[@b10-ijn-10-597],[@b19-ijn-10-597],[@b30-ijn-10-597],[@b32-ijn-10-597],[@b34-ijn-10-597]--[@b36-ijn-10-597] which is manifested through their stable size, zeta potential, pDNA-retarding capacity, structure, and the high transfection efficacy after the aforementioned treatments. But because related data were obtained under different experimental conditions and characterization methods, such comparison may be unscientific. We believe that their excellent stability is ascribed to the distinct synergy of three blocks in LPSA to overcome the encountered barriers. Firstly, the three blocks of OA, PEI 1.8k, and Cho confer LPSA amphiphilicity and amphotericity, which provide three coexisting but environment-dependent driving forces, including hydrophobic, electrostatic, and hydrogen bonding interactions for LPSA itself or with pDNA to spontaneously self-assemble to robust NPs and pNPs with suitable size. These multiple driving forces make them always maintain the intact structure in any stringent conditions but with pH-dependent compactness degree, which allows them to remain stable during extracellular delivery. Secondly, Cho imparts stability to nanoparticles during extracellular delivery by improving membrane stability and inhibits bindings of proteins and opsonins from serum. Thirdly, anionic polysaccharide of OA offers steric shielding effects to minimize undesired nonspecific interactions, and, at the same time, it imparts the temperature/pH-dependent degradability to NPs, and thus they can be degraded and metabolized at 37°C to avoid the toxicity induced by their accumulation.

Damage of pNPs to mitochondria of MSCs after transfection
---------------------------------------------------------

Acceptable stability along with efficacy and safety are key factors for gene therapy. Cell viability is commonly used to evaluate the toxicity of gene delivery systems, but their effects on cellular organelles have been little studied. It has been reported that polycations such as poly(ethylenimine) and poly([l]{.smallcaps}-lysine) can induce mitochondrially mediated apoptosis.[@b37-ijn-10-597] PEI-mediated phase I cytotoxicity is induced by the binding of clumps of free PEI molecules to cell plasma membrane, which results in membrane destabilization and a loss of membrane integrity. PEI-mediated phase II cytotoxicity is damage to mitochondria, which can be evaluated by the loss of mitochondrial membrane potential (MMP). The significant damage to mitochondria produced by vector/pDNA complexes will lead to the release of cytochrome c and subsequent induction of executioner caspases (cysteinyl aspartate-specific proteases) and thus induce apoptosis.[@b37-ijn-10-597] For our NP vector, by observing the ultrathin sections of cells under a TEM, we found that no aggregation of pNPs exists on cell plasma membrane during the transfection process, which may be attributed to the fact that LPSA can spontaneously self-assemble into NPs with good colloid stability, and NPs can be quickly endocytozed by receptor-mediated Cho uptake pathway, avoiding the phase I cytotoxicity.[@b23-ijn-10-597] [Figure 6](#f6-ijn-10-597){ref-type="fig"} shows that, in our studied range, pNPs do not cause severe loss of MMP, that the MMP of MSCs decreases with the increase of N/P ratio, and that the pNP groups at any N/P ratio have higher MMP compared with the PEI 25k group, which loses about 20% of MMP. At N/P of 60, the optimal for in vitro transfection, the MMP of pNP group is close to that of the untreated group (N/P=0) and the Lipofectamine 2000 group, suggesting that pNPs in cells cause low damage to mitochondria of MSCs and thus avoiding the mitochondrially mediated apoptosis induced by pNP transfection. Combined with the results in cell toxicity and zebrafish survival,[@b23-ijn-10-597],[@b38-ijn-10-597] we conclude that pNPs are of low toxicity and are promising for clinical applications.

Conclusion
==========

By monitoring the changes of NPs and pNPs in size, zeta potential, morphology, structure, pDNA-retarding capacity, and transfection ability, a systematic study on their stability under various analogous physiological environments and storage conditions has been carried out. It was found that NPs and pNPs have acceptable stability against dilution, pH, heparin, salts, and serum, which may exactly meet the needs of extracellular and intracellular gene delivery, and thus pNPs have obtained high transfection efficacy in vitro (higher than 95% transfection efficiency in MSCs) and in vivo (the induced significant angiogenesis in zebrafish). Additionally, NPs/pNPs have high storage stability in the form of aqueous solution at 4°C or lyophilized powder (for NPs) at room temperature. Moreover, pNPs do only slight damage to mitochondria of MSCs, avoiding the mitochondrially mediated apoptosis induced by pNP transfection. All of these results highlight their huge potential in clinical gene therapy. We believe that all distinguished properties of NPs are due to the synergy of three functional blocks of polysaccharide, Cho, and low-molecular-weight PEI in LPSA. Our work will provide valuable insights into the design of gene delivery vectors meeting clinical demands and meaningful references for performing systematic stability evaluation for gene vectors, considering the few studies in this field.
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![Stability of plasmid deoxyribonucleic acid (pDNA)-loaded lipopolysaccharide-amine (LPSA) nanopolymersomes (pNPs) against dilution.\
**Notes:** (**A**) Plot of surface tension of pNP solution versus logarithm of LPSA concentration at 25°C for determination of critical micelle concentration (CMC), (**B**) changes in particle size of pNPs with LPSA concentration, (**C**) gel electrophoresis of diluted pNP (N/P=60) solution containing 15 μg/mL LPSA and 0.875 μg/mL pDNA without (lane 1) or with (lane 2) heparin dissociation treatment as well as 8.75 ng naked pDNA (lane 3).](ijn-10-597Fig1){#f1-ijn-10-597}

![pH stability of lipopolysaccharide-amine nanopolymersomes (NPs).\
**Notes:** (**A**) Changes of NPs in diameter and zeta potential with pH adjusted by concentrated HCl or NaOH, (**B**) transmission electron microscope images of dried NPs prepared from their aqueous solution with different pH (stained negatively with phosphotungstic acid), (**C**) retarding capacity of degraded NPs (prepared at pH 7.4) and fresh NPs, (**D**) serum-free transfection in mesenchymal stem cells mediated by degraded NPs (prepared at pH 7.4) and fresh NPs.](ijn-10-597Fig2){#f2-ijn-10-597}

![Stability of plasmid deoxyribonucleic acid (pDNA)-loaded lipopolysaccharide-amine nanopolymersomes (pNPs) to heparin replacement.\
**Notes:** pNP solution incubated with (**A**) heparin at a different concentration for 15 minutes and (**B**) 10 mg/mL heparin for a different time.](ijn-10-597Fig3){#f3-ijn-10-597}

![Stability of plasmid deoxyribonucleic acid (pDNA)-loaded lipopolysaccharide-amine nanopolymersomes (pNPs) to serum.\
**Notes:** Gel electrophoresis of pNPs after incubation with 50% serum for a different time followed by complete dissociation by heparin (**A**--**D**), the transfection efficiency (**E**) and average fluorescence intensity (**F**) of mesenchymal stem cells transfected by pNPs in serum with different concentration.](ijn-10-597Fig4){#f4-ijn-10-597}

![Storage stability of plasmid deoxyribonucleic acid (pDNA)-loaded lipopolysaccharide-amine nanopolymersomes (pNPs).\
**Notes:** Changes of pNPs in (**A**) diameter and zeta potential, (**B**) protection to pDNA, and (**C**) transfection efficiency with time at a different temperature.](ijn-10-597Fig5){#f5-ijn-10-597}

![Damage of plasmid deoxyribonucleic acid (pDNA)-loaded lipopolysaccharide-amine nanopolymersomes (pNPs) to the mitochondria of mesenchymal stem cells after serum-free transfection for 48 hours, which is evaluated by the changes in mitochondrial membrane potential quantified by flow cytometer. \**P*\<0.05 versus untreated group (N/P=0).](ijn-10-597Fig6){#f6-ijn-10-597}
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